Direct ultrasound irradiation is advantageous for increasing the efficiency of the hydrothermal method, which can be used to produce piezoelectric thin films and lead-free piezoelectric ceramics. To apply ultrasound directly to the process, transducer prototypes were developed regarding the boundary conditions of the hydrothermal method. LiNbO3 and PIC 181 were proven to be feasible materials for high-temperature-resistant transducers (≥200
I. INTRODUCTION
Lead-free production processes and materials are of growing interest due to legislation. These new materials require new production processes. For the production of piezoelectric thin films and lead-free piezoelectric ceramics, the hydrothermal method has several advantages. It is a rather simple method with inexpensive feedstock and comparatively low process temperatures. Furthermore, the controllability of the particle size, morphology and degree of agglomeration are advantageous. Using the hydrothermal method, piezoelectric thin films can be formed on tiny and complex-shaped substrates. Due to the process temperatures being below the Curietemperature, no poling of the thin films is required. The drawbacks of the conventional hydrothermal method are its rather long reaction times and the suboptimal quality of the resulting materials [1, 2] .
Direct ultrasound irradiation enhances the hydrothermal method and improves its efficiency. The applied acoustic energy shortens the reaction times. Furthermore, ultrasound assistance results in fine-grained powders for the production of lead-free piezoelectric materials and smoothens the surfaces of the piezoelectric thin * E-mail: peter.bornmann@upb.de; Fax: +49-5251-60-62-78 films. Altogether, the quality of the resulting materials can be improved while the reaction time is shortened.
The aim of this project is to build a system for the ultrasound-assisted hydrothermal method. For direct ultrasound irradiation, an ultrasound transducer that is applicable within the temperature and the chemical conditions of the hydrothermal method is required. The principal setup of this system is shown in Fig.1 . The ultrasound transducer is integrated in a pressure vessel and irradiates the fluid inside.
II. DEVELOPMENT OF THE ULTRASOUND TRANSDUCER

Requirements for the Ultrasound Transducer
The hydrothermal method is carried out at pressures up to 20 atm generated by heating the pressure vessel and its contents up to temperatures of more than 200
• C. The required transducer should be able to work efficiently under these conditions without an external cooling system. Therefore, piezoelectric materials that are applicable at this temperature range must be chosen. Also, the pre-stress in the piezoelectric elements must be maintained to avoid damage due to tensile stress during vibration.
In order to forward the acoustic energy to the fluid, the tip of the transducer will be dipped into the aqueous solution and, hence, must be resistant to it. Finally, the geometry and the position of the transducer should be optimized to create an optimal sound field for the hydrothermal synthesis.
Transducer Design Approach
Heating up a conventional bolted lagevin-type transducer can induce a loss of pre-stress due to the different coefficients of thermal expansion of the components. Decreasing pre-stress increases the risk of damaging the piezoelectric discs due to tensile stress and can also decrease the performance of the transducer. To avoid this, aluminium washers were integrated in parallel to the piezoelectric discs. Aluminium has a higher coefficient of thermal expansion than the steel bolt (or Hastelloy C-22 respectively). Depending on the amount and the material of the piezoelectric discs, aluminium washers with appropriate thicknesses can compensate for the loss of pre-stress or even increase the pre-stress.
The high-temperature application necessitates suitable piezoelectric materials. Two possible materials were chosen for the transducer prototypes. Those two materials were PIC 181 and LiNbO 3 . PIC 181 was chosen because it is designed for high-power acoustic applications, has a comparatively high Curie temperature of 330
• and is available in the desired shapes. LiNbO 3 was chosen because of its extremely high Curie temperature of 1210
• and because it is lead-free. As mentioned before, corrosive mineralizers (e.g., KOH) are used for the hydrothermal method. For direct irradiation, the transducer must be resistant against the corrosive solution. Therefore, the horn of the transducer was made from Hastelloy C-22, which is a special alloy designed for applications in corrosive environments.
One of the prototypes built is shown in Fig. 2 . This transducer was manufactured from Hastelloy C-22 and contained ten LiNbO 3 discs. Two steel washers were integrated into the design to preserve the pre-stress. The • Y-cut LiNbO3 discs and aluminium compensation washers.
horn of the transducer was designed to maximize the velocity amplitudes; therefore, its diameter tapered over a short distance. The tip of the horn had a bigger diameter to enlarge the irradiating cross-sectional area.
III. EXPERIMENTAL RESULTS
Temperature Dependence of the Transducer Prototypes
A serious problem of the first simple transducer prototype without amplitude magnification was a dramatic performance loss at a temperature of about 140
• C. Especially, for the PIC 181 ceramics, the process temperatures are a challenging requirement. To analyze the influence of the temperature, we carried out a comparison of two transducers in a constant temperature oven. The compared transducers only differed in the material of the compensation washers. One was built with aluminium washers; the other with steel washers. Steel washers were chosen to achieve less pre-stress compensation compared to the aluminium washers and, thus, to compare the effects. Both transducers were constructed with PIC 181 ceramics. Figure 3 shows the resonant frequencies of these transducers versus temperature. The resonant frequencies of both transducers decrease linearly with rising temperature. There is no significant difference between the aluminium and the steel washers. The slope is about -9 Hz • C . The main reason for the decreasing resonant frequency is suspected to be the decreasing dynamic stiffness of the transducer with rising temperature. This is suspected because measurements on passive aluminium and steel rods have also shown a linear dependence.
The changing resonant normalized frequency can be overcome by applying a resonance control. More important for the process is the performance of the transducer at the process temperature. In Fig. 4 , the dependence of the velocity amplitudes at free vibration on the temperature is shown. The amplitudes vary in a range of less than 10%. At temperatures above 120
• C the amplitudes of the transducer with aluminium washers seem to increase while the amplitudes of the transducer with steel washers slightly decrease. Anyway, it cannot be proven To analyze the long-time stability of the performance, one transducer was driven in resonance for several hours at 210
• C while the velocity amplitudes were monitored. During the whole time the amplitude was stable.
The results show that PIC 181 is suitable for the target temperature range and, thus, can be used for this application. A positive effect of the aluminium washers compared to the steel washers can be assumed from the velocity amplitude measurements. Anyhow, the difference in the performance is not too big, so both transducers are suitable for the hydrothermal method.
As mentioned before, LiNbO 3 was also chosen as a suitable material for high-temperature applications. To compare the performance of a LiNbO 3 transducer to a transducer with hard PZT, we built two transducers of the same shape that differed in the piezoelectric material. The PZT transducer uses 4 PIC 181 discs (thickness: 2.5 mm); the other one contains ten 36
• Y-cut LiNbO 3 discs (thickness: 1.27 mm). Both transducers were made from Hastelloy C-22 (cf. Fig. 2 ). The temperature dependences of the LiNbO 3 transducer are also shown in Fig.  3 and Fig. 4 . The resonant frequency of this transducer decreases linearly with rising temperature, but the slope is lower compared to the other transducers. The suspected reason is the different temperature dependences of aluminium and hastelloy. The velocity amplitude of the LiNbO 3 transducer increases considerably at higher temperatures. This unexpected result will be investigated in a future work. Table 1 shows a comparison of the performances of the PIC 181 transducer and the LiNbO 3 transducer at room temperature. The results were achieved by driving the transducers in resonance and measuring their characteristics. The transducer with LiNbO 3 discs requires about 30% more input power to achieve the same velocity amplitude. Furthermore, the distributions of the current and the voltage are different. The PIC 181 transducer requires a lower input voltage but a higher current; the LiNbO 3 transducer behaves the other way around. The differences can be explained by the different material parameters of PIC 181 and LiNbO 3 (e.g., d 33 and 33 ).
Anyway, the results show that LiNbO 3 is a suitable material for high-power ultrasonic transducers in hightemperature applications. Higher process temperatures can be achieved with it than with PIC 181 due to its higher Curie temperature, and the performance is comparable to that of the PIC 181 transducer. Improvements are required in the manufacturing process because prestressing LiNbO 3 discs is delicate due to their fragility. The stress distribution should be homogenous. Furthermore, tolerances for plane parallelism of the components should be limited.
Load Dependence and Sound Field
Besides being applicable in corrosive and hightemperature environments the transducer should generate a sound field that supports the hydrothermal method in an optimal way. To maximize the efficiency of the process, the acoustic field inside the pressure vessel is the deciding factor. The influence of the filling level and the arrangement of the transducer were investigated by impedance and sound field measurements.
The fluid inside the pressure vessel is excited with the driving frequency of the ultrasound transducer. The filling level of the vessel decides the response of the fluid. If a standing wave is to be generated, the filling level can be estimated from the wavelength, which depends on the excitation frequency and the velocity of sound in the fluid. Assuming the boundary conditions for the fluid inside the vessel to be fixed at the bottom and free at the fluid surface, the possible filling levels for generating a standing wave can be calculated from Eq. (1) [3] where H is the filling level and λ is the wavelength in the fluid:
Obviously there are several possibilities for the filling level, depending on how many nodal points (n) are wanted in the water column. In addition to the filling level, the location of the transducer plays a decisive role in the forwarded acoustic power. Suitable locations can be indicated by the impedance of the transducer. At points of maximum impedance, the forwarded energy is also maximal. Figure 5 shows the dependence of the impedance in resonance on the location of the transducers tip. The measurements were carried out in a waterfilled basin. The maximum impedance occurs at a 15 mm depth of immersion, so this point indicates an optimum for power propagation to the fluid. The resulting sound field in the water basin with the transducer located at the point of maximum impedance is shown in Fig. 6 . This sound field measurement was carried out using the refracto-vibrometry method after Zipser [4] [5] [6] . The dark and the light areas indicate areas of high sound pressure and the different colors show the different signs of the pressure amplitudes. The dark lines between those areas are minima of the sound pressure. These nodal lines remain stationary, which shows that a standing wave is created. The point of maximum impedance corresponds to the point of maximum sound pressure and, hence, to a nodal point of the vibration velocity in the fluid. Due to the boundary conditions, the sound pressure has a minimum at the water's surface and a maximum at the bottom of the vessel. When a standing wave is desired and the filling level is chosen as proposed in Eq. (1), the point of maximum impedance is located one fourth of a wavelength beneath the water's surface at the point of maximum sound pressure.
If a standing wave is not desired or if a reflector is placed in the sound field, the reflected sound waves interfere with the emitted sound field. Depending on the shape and the location of the reflector, traveling waves and, thus, streaming effects can be achieved. Figure 7 shows a sound field with reflections measured in air. The reflections were forced by placing a steel reflector in the sound field. Systematic reflections can be useful for creating special sound fields and, hence, special reaction conditions.
The impedance measurements were carried out with different types of transducers. Due to the strong amplitude magnification of the Hastelloy transducer (cf. Fig.  2) , this transducer showed a high load sensitivity. This results in strong damping when the transducer is dipped in water, which makes it complex to control. In contrast, transducers without amplitude magnification are not that sensitive to changes in the load conditions, but the achievable velocity amplitudes are smaller. Regard-ing the process, an optimum for the velocity amplitudes should be found.
IV. CONCLUSIONS
To improve the hydrothermal method for the production of lead-free piezoelectric materials and piezoelectric thin films, we designed transducer prototypes regarding the boundary conditions of the process. For corrosion resistance, Hastelloy C-22 was chosen. For hightemperature-resistant ultrasound transducers, PIC 181 and LiNbO 3 were proven to be suitable materials.
The advantages of ultrasound assistance for improving the hydrothermal method have already been shown in first tests [1] . The efficiency of the process depends on the created sound field. The sound field inside the pressure vessel and the transmittable power depend on the filling level and on the position and the geometry of the ultrasound transducer. By adjusting these parameters in a certain manner, standing waves or streaming effects can be achieved. Hence, one of the next steps in this ongoing research is to determine the correlation between the sound field and the resulting materials.
